Abstract: A dual-wavelength dissipative soliton resonance thulium-doped fiber laser based on nonlinear optical loop mirror (NOLM) has been demonstrated. In this laser, modelocking is achieved based on equivalent saturation absorption of the NOLM, while the dual-wavelength operation is attributed to the online birefringent fiber filter composed of a polarizer and a section of polarization-maintaining fiber (PMF). The wavelength spacing of dual-wavelength spectrum can be adjusted through changing the PMF length, and the central wavelengths can be tuned through rotating the polarization controllers. It is also found that at the two central wavelengths of the dual-wavelength pulse, switchable single wavelength mode-locked pulse can be generated. In addition, noise-like pulses with broadband spectra can be generated, when two kinds of mode-locking mechanisms conflict. The dualwavelength dissipative soliton resonance thulium-doped fiber laser has important potential applications in the laser detection, sensing and other fields. Its rich dynamics also provides a system platform for basic research on laser physics.
Introduction
In recent years, due to its important application prospect in medicine, optical communication, ultrafast optics, optical fiber sensing, remote sensing technology and radar, thulium-doped fiber laser has become one of research hotspots in the field of laser. A variety of research reports have been reported on the mode-locked thulium-doped fiber laser, especially passively mode-locked thuliumdoped fiber laser [1] . Various passively mode-locking techniques have been implemented to generate mid-infrared pulses, which can be divided into two categories: utilizing nonlinearity-based equivalent saturable absorption effects, such as nonlinear polarization evolution (NPE) [2] - [4] , nonlinear optical loop mirror (NOLM) [5] , and nonlinear amplifier loop mirror (NALM) [6] , [7] , as well as the use of material-based saturable absorbers, such as semiconductor saturable absorbers [8] , single-wall carbon nanotubes (CNTs) [9] - [11] , and graphene [12] . Nonlinearity-based mode-locked fiber lasers with virtually unlimited lifetime and absence of specific power limitations may deliver relatively high pulse energies directly [13] . In contrast to fiber lasers based on NPE effect, NOLM/NALM lasers with less polarization dependence have improved stability and robustness, especially when being designed in all-polarization-maintaining configuration [14] . Resembling common erbium-or ytterbium -doped fiber lasers [15] , passively mode-locked thulium-doped fiber laser has also complex nonlinear dynamics [16] , [17] . Xu reported on the soliton dynamics in a passively mode-locked thulium-doped fiber laser based on an NOLM with all-abnormal dispersion [18] . In fundamentally mode-locked regime, stable soliton pulses, several distinctive multi-soliton operations and interactions have been observed. Li et al. obtained the outputs of both soliton and noisy-pulse regimes at 2-μm wavelength band from an all-fiber passively mode-locked thulium-doped NOLM-based oscillator [19] .
Dissipative soliton resonance (DSR) is a square wave pulse formation mechanism first proposed by N. Akhmediev et al. in 2008 [20] . The characteristics of DSR pulse is that the width and energy of wave-split-free rectangular pulse increase monotonically with the increase of pump power while maintaining constant amplitude, thus avoiding the limitation of traditional soliton theory on single pulse energy [21] , [22] . So far, most researches on DSR mode-locked fiber lasers have focused on how to generate single wavelength high energy dissipative soliton pulses [23] - [25] . On the other hand, there are many applications of multiwavelength fiber lasers in the fields of wavelengthdivision multiplexing communication, optical signal processing, optical sensing and precision spectroscopy. At 1-μm and 1.5-μm bands, there have been many reports of dual-or multi-wavelength mode-locked fiber lasers under operation regimes from conventional soliton [26] , dissipative soliton [27] - [29] , to DSR [30] . Regarding thulium-doped fiber lasers at 2-μm band, Chamorovskiy et al. demonstrated the dual-wavelength soliton pulses in a holmium-doped fiber laser with carbon nanotube saturable absorber for mode-locking [31] . Then tunable and switchable dual-wavelength mode-locked thulium-doped fiber lasers were realized based on the wavelength-dependent loss of the cavity induced by the NPE effect and a fiber taper, respectively [32] , [33] . In Ref. [34] , the coexistence of dissipative soliton and stretched pulse in a dual-wavelength mode-locked thulium-doped fiber laser was demonstrated with strong third-order dispersion. Recently, the first demonstration of dual-wavelength square-wave pulses in a thulium-doped fiber laser with fiber-based Lyot filter was reported [35] . However, wavelength-spacing adjustable and central-wavelength tunable dualwavelength DSR at 2-μm band has not been demonstrated, to the best of our knowledge.
In this paper, a dual-wavelength DSR mode-locked thulium-doped fiber laser with wavelengthspacing adjustability and central-wavelength tunability has been demonstrated, based on equivalent saturation absorption of the NOLM for mode-locking. The wavelength-spacing adjustability and central-wavelength tunability are attributed to the inherent characteristics of the birefringent fiber filter, i.e., adjustable filtering period by changing the birefringent fiber length and tunable filtering wavelength by polarization tuning. Meanwhile, switchable single-wavelength DSR mode-locked pulse can be generated at the two central wavelengths of the dual-wavelength pulse. In addition, noise-like pulses with broadband spectrum can be generated, when the filtering effect doesn't play a major role. The dual-wavelength DSR thulium-doped fiber laser with rich dynamics may find applications in the laser detection, sensing and other fields, and provide a system platform for basic research on laser physics.
Experiments and Discusses
The wavelength-pacing adjustable multi-wavelength DSR thulium-doped fiber laser is accomplished in an "8" cavity structure. The schematic of the experimental setup is shown in Fig. 1 . The left part is mainly a one-way loop, and the right part is a nonlinear optical loop ring (NOLM). A 2.7-m long thulium-doped fiber (SM-TDF-10P130-HE) is used as the gain medium, followed by a 90:10 fiber coupler with 90% of the energy remained in the cavity and 10% extracted out of the cavity. Pump light from a 793-nm laser diode is delivered to the cavity via a pump/signal combiner. The unidirectional operation of the fiber laser and the polarization selectivity are provided by a polarization-dependent isolator (PDI). Two polarization controllers (PCs) are employed to adjust the polarization states of the lasing light. A section of polarization-maintaining fiber (PMF) with birefringence of 3.7 × (10)ˆ(−4) and a polarizer together compose an in-line periodic filter. A 2 × 2 90:10 fiber coupler couples the light in the left one-way loop to the right NOLM. The right NOLM consists of a 75-m long single-mode fiber (SMF-28e) and another polarization controller. In our experiment, the length of PMF can be chosen appropriately, and the filtering wavelength spacing can be calculated by formula λ = λˆ2/( n·L) [36] , where λ is the operating wavelength, n is the birefringence of the PMF, and L represents the length of the PMF. Here the used PMF has a birefringence of 3.75 × (10)ˆ(−4). The total cavity dispersion value is calculated about −6.1 ps 2 , which means that the laser is under large anomalous dispersion region.
In the experiment, a 793 nm semiconductor pump laser is used to pump the thulium-doped fiber laser. Output port of the fiber coupler is connected to both an optical spectrum analyzer (OSA) and an oscilloscope with an optoelectronic detection module to monitor output laser spectrum and pulse train simultaneously. The laser is working in single-wavelength continuous wave state under the condition of low pump power. When the pump power is increased to 2.5 W, multiwavelength spectrum begins to show from the OSA. Continuing to increase the pump beam power to 5 W and adjusting the PCs to optimize the polarization state of the laser cavity, stable mode-locking can be obtained. Fig. 2 shows the mode-locked pulse spectrum and pulse train when the pump beam power is 5 W and the used PMF length is 0.4 m. It can be seen from Fig. 2(a) that the spectrum is a dualwavelength spectrum with two central wavelengths of 1996.4 nm and 2022.5 nm. The wavelength spacing is 26.1 nm, which agrees well the calculated wavelength spacing of the birefringence fiber filter. Fig. 2(b) is the stable pulse train with pulse period of 432.7 ns, corresponding to the fundamental repetition rate of 2.31 MHz. As can be seen from single pulse profile in Fig. 2(c) , pulse duration is about 13 ns. The inset of Fig. 2(c) shows the measured autocorrelation trace with an autocorrelator (FR-103XL/IR/FA). The autocorrelation trace distinguished from noise-like pulse does not show any pulse or spike over a 60 ps window suggesting the pulse is free of any sub-structures [37] . Only one pulse per period is observed for dual-wavelength operation may be owing to negligible walk-off for the generated ns pulses. Fig. 2(d) is the RF spectrum measured by the RF analyzer with a spectrum range of 450 KHz, the inset shows a broadband RF spectrum with a range of 600 MHz. It can be seen that the signal-to-noise ratio is about 55 dB. We noted that the 75 m long SMF incorporated in the NOLM is critical for DSR operation, as it increases the accumulation of nonlinear phase shift.
Owing to the inherent tunable characteristics of the birefringent filter, the operation wavelengths of the dual-wavelength DSR pulses can be tuned within the free spectrum range [38] . Fig. 3 is another group of dual-wavelength spectrum and pulse train recorded by adjusting the PCs when the pump beam power is still 5 W. Its central wavelength is 1999.2 nm and 2025.3 nm, and the wavelength spacing is also 26.1 nm. Fig. 3(b) is the mode-locked pulse train. Fig. 3(c) is single pulse profile, indicating pulse duration of 18 ns. Fig. 3(d) is the RF spectrum measured by the RF analyzer with a spectrum range of 450 KHz, the inset shows a broadband spectrum with a range of 600 MHz. It can be seen that the signal-to-noise ratio is about 60 dB. The results show that the central wavelength of the dual-wavelength dissipative soliton resonance mode-locked pulse can be tuned by the PCs. It has been found in many repeated experiments that the central wavelength at short-wave band of dual-wavelength mode-locked pulse can be arbitrarily realized within the range of 1994-2000 nm, and the responding central wavelength at long-wave band can be arbitrarily realized at 2022-2026 nm with a fixed wavelength interval.
The optical spectrum and single pulse of the dual-wavelength DSR at different pump powers have been investigated, and the results are shown in Fig. 4 and Fig. 5 . In Fig. 4 under the dualwavelength case with central wavelength of 1994.1 nm and 2020.2 nm, the spectrum and pulse changes during the process of pump power increasing from 5 W to 10 W were measured. It can be seen that with the increase of the pump power, the spectral intensity increases gradually. The pulse width also increases with the pump power, and the pulse duration is 24 ns when the pump power is 10 W. These conform to the characteristics of the DSR fiber lasers. What surprises us is that the central wavelength of the two-wavelength spectrum is slightly shifted to the short wavelength side, but the wavelength interval remains unchanged. We speculate that this is because of the effective refractive index change of the fiber induced by light or heat [38] . Fig. 5 shows the variation of the mode-locked pulse spectrum and single-pulse profile with the increase of pump power when the central wavelength of dual-wavelength pulse is 1996.5 nm and 2022.6 nm. The spectral intensity increases gradually, and the wavelength interval keeps constant value. The central wavelengths also drift slightly to the direction of short-wave band, and the pulse width increases with the increase of pump power. It is indicated that the laser is under DSR operation with wave-free split and constant amplitude rectangular pulse output, whose pulse duration increases with pump power enhance.
In addition to producing a multi-wavelength DSR pulse, a single-wavelength pulse can also be obtained from the thulium-doped fiber laser. When a stable dual-wavelength DSR pulse has been obtained, through continuing to fine tune the PCs, it is observed that single-wavelength pulses can be obtained separately at two separate central wavelength positions of the dual-wavelength mode-locked spectrum. Wavelength switching is caused by the change of the effective gain, which is determined by either the cavity birefringence or the orientation of the intracavity polarization [40] . Fig. 6 and Fig. 7 respectively show the single-wavelength spectra and pulse trains. When the central wavelength of the dual-wavelength mode-locked spectrum is 1999.2 nm and 2025.3 nm, by precision adjusting the PCs, the single-wavelength mode-locking spectra and pulse trains at 1998.9 nm and 2023.2 nm were obtained respectively as shown in Fig. 6 . It can be seen that when the central of a single wavelength is 1998.9 nm, the 3 dB bandwidth is 5 nm, the corresponding pulse period is 432 ns, and the repetition frequency is 2.31 MHz. The pulse is stable, and the repetition frequency corresponds to the basic repetition frequency of the laser cavity length (2.31 MHz). The 3 dB bandwidth of the single-wavelength pulse at 2023.2 nm is 4 nm. Fig. 7 is obtained by adjusting the PCs when the central wavelengths of the dual-wavelength mode-locked spectrum are 1996.4 nm and 2022.5 nm. When the single wavelength is 1995.8 nm, the 3 dB bandwidth is 6 nm, the corresponding pulse period is 432 ns, and the repetition frequency is 2.31 MHz. When the central wavelength is 2020.4 nm, the 3 dB bandwidth is 4 nm.
Next, we investigated the relationship between the PMF length and the output multiwavelength pulse spectrum. Although the laser is indeed wavelength-spacing non-adjustable during operation, it is convenient to adjust the wavelength spacing through changing PMF length. In the experiment, the length of the PMF was changed by 0.2 m from 1 m to 0.6 m, and the experiment was conducted repeatedly. Measured output spectra and pulse trains are shown in the Fig. 8 . It can be found that when the PMF length changes, a stable multi-wavelength pulse spectrum can always be obtained, and the mode-locked pulse trains are relatively stable, all of which are in the state of modelocked DSR. When the PMF length is 1 m, four-wavelength mode-locked pulse spectrum with wavelength spacing of 10.7 nm was obtained. The pulse period of the mode-locked pulse is 425 ns, corresponding to the repetition frequency of 2.35 MHz. This is consistent with the fundamental repetition frequency of the thulium-doped fiber laser (the total cavity length of thulium-doped fiber laser is 88.1 m, and the fundamental repetition frequency is 2.35 MHz). When the PMF length is 0.8 m, the mode-locked spectrum became three-wavelength. When the PMF length is less than 0.6 m, only two-wavelength spectrum can be obtained. It can be concluded that multiwavelength DSR thulium-doped fiber laser with adjustable wavelength-spacing can be realized through simply changing the PMF length. Finally, the broadband spectrum pulses shown in Fig. 9 were observed in the experiment. The spectrum is not too smooth with some ripples covering a wide wavelength range from 1980 nm to 2030 nm. The corresponding pulse train does not assume a stable mode-locked pulse pattern. This may be because the filtering effect doesn't play a major role. As a PDI is utilized in the unidirectional cavity to form a birefringent fiber filter with PMF, intensity-dependent saturable absorption or loss induced by NPE effect will take effect [41] . Under aforementioned multiwavelength or singlewavelength DSR operation, mode-locking is based on saturable absorption of the NOLM, while NPE effect in the unidirectional cavity only provides intensity-dependent loss to enable filtering effect. Contrarily, intensity-dependent saturable absorption, together with saturable absorption of the NOLM may results in unstable wide spectrum noise-like pulses, i.e., two kinds of mode-locking mechanisms conflict.
Conclusion
We have demonstrated a dual-wavelength DSR mode-locked thulium-doped fiber laser with wavelength-spacing adjustability and central-wavelength tunability, based on equivalent saturation absorption of the NOLM for mode-locking. Benefit from the unique characteristics of the birefringent fiber filter, the wavelength spacing of dual-wavelength spectrum can be adjusted through changing the PMF length, and the central wavelengths can be tuned through rotating the PCs. Switchable single-wavelength DSR mode-locked pulse can also be generated at the two central wavelengths of the dual-wavelength pulse. The dual-wavelength DSR thulium-doped fiber laser with rich dynamics may find applications in the laser detection, sensing and other fields, and provide a system platform for basic research on laser physics.
